A novel RING finger gene, SbRFP1, increases resistance to cold-induced sweetening of potato tubers  by Zhang, Huiling et al.
FEBS Letters 587 (2013) 749–755journal homepage: www.FEBSLetters .orgA novel RING ﬁnger gene, SbRFP1, increases resistance to cold-induced
sweetening of potato tubers0014-5793/$36.00  2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.febslet.2013.01.066
⇑ Corresponding authors. Fax: +86 27 87286939.
E-mail addresses: songbotao@mail.hzau.edu.cn (B. Song), xiech@mail.hzau.edu.
cn (C. Xie).Huiling Zhang, Xun Liu, Jun Liu, Yongbin Ou, Yuan Lin, Meng Li, Botao Song ⇑, Conghua Xie ⇑
Key Laboratory of Horticultural Plant Biology (HAU), Ministry of Education; National Centre for Vegetable Improvement (Central China); Huazhong Agricultural University,
Wuhan 430070, China
a r t i c l e i n f o a b s t r a c tArticle history:
Received 30 October 2012
Revised 26 January 2013
Accepted 28 January 2013
Available online 8 February 2013
Edited by Julian Schroeder
Keywords:
Potato
Cold-induced sweetening
SbRFP1
Amylase
InvertaseThe modulation of the activity of enzymes associated with carbohydrate metabolism is important
for potato cold-induced sweetening (CIS). A novel RING ﬁnger gene SbRFP1 was cloned and its
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mation of SbRFP1 in potatoes conﬁrmed its role in inhibiting b-amylase and invertase activity, which
consequently slowed down starch and sucrose degradation and the accumulation of reducing sug-
ars in cold stored tubers. These ﬁndings strongly suggest that SbRFP1may function as a negative reg-
ulator of BAM1 and StvacINV1 to decelerate the accumulation of reducing sugars in the process of
potato CIS.
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As the fourth important food crop, potato (Solanum tuberosum
L.) has been widely used not only for staple food but also for food
processing. Potato tubers are usually stored at low temperature to
prolong the processing period. However, low temperature storage
often leads to accumulation of reducing sugars (RS) in stored tu-
bers known as the cold-induced sweetening (CIS) which causes a
nonenzymatic Maillard reaction at high frying temperature to yield
unacceptable dark-colored products [1] and, more concernedly, to
generate carcinogen acrylamide during this reaction [2].
The previous approaches for improving potato CIS have mainly
focused on two strategies, one is to enhance carbohydrate ﬂux
from hexoses to starch, and the other to prevent starch and sucrose
from hydrolysis. One example for the ﬁrst strategy is elevation of
adenosine diphosphate glucose pyrophosphorylase (AGPase), an
emzyme catalyzing a rate-limiting reaction in starch biosynthesis.
Expression in potato of a mutant AGPase gene of Escherichia coli,
glgc-16, increased starch content by more than 30% [3]. More re-
sults for the second strategy are from the research employing acid
invertase that converts sucrose into glucose and fructose. Supres-
sion of an acid invertase gene StvacINV1 (VInv in Ref. [4]) in potato
resulted in a decreased RS content of the tubers under low temper-ature and, accordingly, a lighter chip color was obtained from their
tubers [4,5].
Although part of the genes encoding constituent enzymes of the
carbohydrate metabolism have been identiﬁed, there are many
open questions raised with respect to the activity regulation of
these enzymes. By screening the cDNA microarray, a total of 188
genes were found differentially expressed in a CIS-resistant potato
species, Solanum berthaultii, exposed to low temperature [6].
Among them, a putative RING (Really Interesting New Gene) ﬁnger
gene was up-regulated early and strongly in potato tubers stored at
4 C [6]. RING ﬁnger proteins are involved in growth, development
and response to environment stresses of higher plants [7]. How-
ever, to our knowledge, there is no information to indicate that
RING ﬁnger protein contributes to potato CIS. Here, we report the
cloning of a novel potato RING ﬁnger gene SbRFP1 and its function
dissection in potato CIS. A possible pathway by which SbRFP1
implements regulatory roles is elucidated.
2. Materials and methods
2.1. Cloning and bioinformatics analysis of SbRFP1
Using the method of rapid-ampliﬁcation of cDNA ends (RACE), a
full length SbRFP1 cDNAwas cloned from the single-stranded cDNA
which was synthesized from the RNA of S. berthaultii tubers stored
at 4 C for 5 day. According to the sequence of the EST C20-5-M08
(GenBank: HS989857), a fragment having 91% similarity to a
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and showing signiﬁcant upregulation in cold stored S. berthaultii
tubers [8], primer 50-GGGCTTGATAGAGTCAGCTATTCCGAAT-30
(forward, for 30-RACE) was designed and the 30-fragment was ob-
tained using SMART™ RACE cDNA Ampliﬁcation Kit (Clontech,
USA). With the 30-fragment, the primer 50-TTGTCCAGCTTC
ATGCTCCTATATGATTAACGAG-30 (reverse, for 50-RACE) was de-
signed to amplify the 50-fragment. The 50- and 30-fragments were
spliced with primers 50-CGGGATCCATGGCTCCGCGTAATCTGA-
TATC-30 (forward) and 50-CATGAGCTCTTAACGAGTCTGGCAATTCCA
ATG-30 (reverse) to obtain the full length cDNA of SbRFP1.
The protein conserved domains were predicted using Motif
Scan (http://hits.isb-sib.ch/cgi-bin/PFSCAN). The amino acid se-
quences of the RING ﬁnger genes of Solanaceae species and Arabid-
opsis searched from the National Center of Biotechnology
Information (NCBI, http://www.ncbi.nlm.nih.gov/) database were
used for classifying the evolutionary relationship of SbRFP1 and
the phylogenetic tree was constructed using CLUSTAL W (2.0) [9]
with neighbor-joining 1,000 bootstrap analysis. The tree obtained
was viewed using TREEVIEW software (version 1.6.6).
2.2. RNA isolation and real-time qRT-PCR
Three CIS-resistant potato genotypes (two S. tuberosum dihap-
loid clones AC030-06 and AC142-01 and a wild potato species S.
berthaultii) and three CIS-sensitive genotypes (two S. tuberosum
dihaploid clones AC035-01 and AC041-03 and a tetraploid variety
E-potato 3) [10] were employed to analyzing the expression pat-
tern of SbRFP1. RNA isolation, reverse transcription and qRT-PCR
were performed as described previously [10].
The primers for qRT-PCR were designed with Primer express 2.0
software (Applied Biosystems, USA). The primers for the SbRFP1
gene were 50-GCTAAGAATGGCTCCGCGT-30 (forward) and 50-
TGCTTCTGCAATTCCTTTGCT-30 (reverse). The cold-responsive
genes encoding key enzymes involved in carbohydrate metabolic
pathways were selected according to previous research, including
a-amylase gene Amy23 and b-amylase genes BAM1 and BAM9
(identiﬁed by our previous research, unpublished), invertase gene
StvacINV1 [5], ADP-glucose pyrophosphorylase gene sAGP [11],
starch phosphorylase gene SP [12], sucrose-phosphate-synthase
gene SPS [13], sucrose synthase gene SuSy [14] and UDP-glucose
pyrophosphorylase gene UGPase [15]. The gene information and
their speciﬁc primers used in present research are listed in Table 1.
2.3. Construction of expression vectors and transformation of potato
The over-expression (OE) vector was constructed by subcloning
the open reading frame (ORF) of SbRFP1 into the vector pBI121 con-
taining the CaMV35S promoter. For the RNAi (RI) vector, a 249 bp
fragment of SbRFP1 containing the ORF and the 30-untranslated re-
gion, which was ampliﬁed with speciﬁc primers (forward:Table 1
The primer sequences of genes involved in carbohydrate metabolic pathways.
Enzyme Gene code Forward primer (5
a-Amylase Amy23 GGCATACACAGCC
b-Amylase
b-Amylase
BAM1
BAM9
TGAGATGCGTGAC
CTTGATGGAAAGA
Acid invertase StvacINV1 GAATGGAGCAGCA
Starch phosphorylase SP CAGGAACCAGATG
Sucrose-phosphate-synthase SPS GTGCAAGGATCAA
Sucrose synthase SuSy GCAGCCTGCATTCT
UDP-glucose pyrophosphorylase UGPase CCATCGAGTTGGG
Small subunit of ADP-glucose pyrophosphorylase sAGP AGGAAGTTGCTGG
a Gene from the potato genome sequence consortium database.50-AAAAAGCAGGCTATTCTCTTGTTGATAAAGTTGATGATG-30 and re-
verse: 50-AGAAAGCTGGGTTTTAATTCTATTATATTAACGTGCAATAAG
T-30), was transformed into the pHellisgate8 vector (35 CaMV) using
GatewayBP clonase™ II Enzymemix (Invitrogen,USA) following the
operation manual. The recombinant plasmids were conﬁrmed by
sequencing at BGI (Wuhan, China) and then introduced into the
Agrobacterium tumefaciens strain LBA4404.
Agrobacterium-mediated transformation of potato microtubers
was carried out as described previously [16]. The OE-vector was
transformed into the CIS-sensitive variety E-Potato 3 and the RI-
vector was transformed into the CIS-resistant clone AC142-01.
The transgenic plants were conﬁrmed by PCR ampliﬁcation with
primers of the NPT II gene. The transgenic and wild type plants
were grown in the greenhouse of Huazhong Agricultural University
(Wuhan, China). The mature tubers were harvested and stored at 4
and 20 C as described previously [10]. The tuber samples were ta-
ken at time points of 0 and 30 day of the storage. Three to ﬁve tu-
bers with similar size (5 cm in diameter) were sampled from each
treatment. Each tuber was peeled and cut into two parts. One part
was used for chipping, the other was frozen in liquid nitrogen and
stored at 80 C for molecular and biochemical analyses.
2.4. Assessment of enzyme activity, content of starch and sugars, and
chip color
Activities of a-amylase and b-amylase were quantiﬁed as de-
scribed in [17]. Chipping and the activity of soluble acid invertase
was determined by following Liu et al. [5]. The amount of starch,
reducing sugars and sucrose were determined as introduced previ-
ously [10,11]. The data were shown as means of three biological re-
peats and the percentages were inverse sine transformed for the
signiﬁcance test by using SAS 8.1 (SAS Institute Inc, USA).
3. Results
3.1. Cloning and characterization of SbRFP1
With speciﬁc primers derived from the sequence of the EST
C20-5-M08, 30- and 50-fragments (respectively 656 and 670 bp in
length with 530 bp overlapped) were ampliﬁed from the cDNA of
S. berthaultii tubers stored at 4 C for 5 day using the RACE ap-
proach. The full length cDNA of 796 bp consists of a 504 bp open
reading frame (ORF), a 39 bp 50-untranslated region and a 253 bp
30-untranslated region (Fig. 1A). The ORF encodes a deduced pro-
tein of 167 amino acids.
The amino acid sequence analysis revealed that the deduced
protein contains an IBR (in between rings) domain (C-X4-C-X20-
C-X2-C-X4-C-X2-C-X4-H-X4-C) [18] locating at 49–96 aa, and
one variant C3HC4-type RING ﬁnger domain (C-X2-C-X10-G-X-H-
X2-C-X-C-X4-C-X2-C) [19] locating at 124–153 aa. Therefore, the0–30) Reverse primer (50–30) GenBank ID
GTTCATCT ATCCGTCCCCAATCTTCACG M79328
CATGAGC
CTCCGG
CAAGTGGAACTTGCGCTTCC
AGAAACGCCCGTGATTGTG
PGSC0003DMT400003933a
PGSC0003DMT400027659a
CGACTCTT GCCGACTCAAGTGACCAAATC AY341425
CTGCTCTT CATAGCCCCATGCTGGGTAGT X52385
GCGCAAT TCATGTGGCACAATATGGTGG X73477
ACGAGG GATCTCAGCTGGACCACCTTG AY205084
ACCTGAA GGGAATAGACTTGAAACGGCCTAAG D00667
CTGCAAA TGTCCCCTATACGGGCATTCT AY186620
Fig. 1. Characterization of SbRFP1 cDNA. (A) Nucleotide and amino acid sequences
of SbRFP1. The putative IBR domain is underlined, RING ﬁnger domain is framed. (B)
The phylogenetic relationships of the RING ﬁnger genes. Amino acid sequences
from S. tuberosum (St1, GenBank: CAD45374), Solanum lycopersium (Sl1, GenBank:
AEW69799; Sl2, GenBank: ACA04915; Sl3, GenBank: ABI34275; Sl4, GenBank:
ABH07901), Arabidopsis thaliana (At1, GenBank: BAH19849; At2, GenBank:
BAH56746; At3, GenBank: AAZ14068; At4, GenBank: AAZ14069; At5, GenBank:
AAZ14067; At6, GenBank: AAZ14075; At7, GenBank: BAH20191; At8, GenBank:
AEE83395; At9, GenBank: AAZ14056) and Capsicum annuum (Ca1, GenBank:
AAX20031; Ca2, GenBank: ACM47318).
Fig. 2. Relative expression of the SbRFP1 gene in the tubers of selected potato genotype
Potato 3 and are CIS-sensitive. The relative expression of SbRFP1 was calculated as a rat
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and submitted to GenBank database (GenBank: JX523607).
The phylogenetic analysis for RING ﬁnger proteins of potato, to-
mato, cayenne pepper and Arabidopsis clearly divided them into
C3HC4-type and C3H2C3-type groups (Fig. 1B). SbRFP1 was assigned
to C3HC4-type group closest to the Arabidopsis RING ﬁnger protein
At5 (GenBank: AAZ14067) which was demonstrated to function as
ubiquitin ligase E3 [20], speculating that SbRFP1 may have func-
tions at post-translational level in potato tubers.
3.2. Expression of SbRFP1 in different potato genotypes
The transcripts of the SbRFP1 gene in six potato genotypes dis-
tinct in resistance to potato CIS were estimated by qRT-PCR. The
results showed that the CIS-resistant genotypes (S. berthaultii,
AC030-06 and AC142-01) had higher SbRFP1 expression than the
CIS-sensitive ones (AC035-01, AC041-03 and E-Potato 3) at both
low and high storage temperatures except for AC142-01 that
exhibited low transcripts similar to the CIS-sensitive genotypes
when tubers stored at 20 C (Fig. 2A and B). Transcripts of the gene
were dramatically and rapidly induced by low temperature, a
sharp increase was observed at 5 day only in CIS-resistant tubers
stored at 4 C, although the difference in expression level existed
between them (Fig. 2A), implying that SbRFP1 may play roles in
process of potato CIS.
3.3. Functions of SbRFP1 in potato CIS
To explore the function of SbRFP1 in potato CIS, the over-
expressing (OE) vector was transformed into CIS-sensitive variety
E-Potato 3 and the RNAi (RI) vector was transformed into CIS-resis-
tant clone AC142–01. Ten OE-transgenic lines which showed an in-
crease in SbRFP1 transcripts and 12 RI-transgenic lines which
showed a reduction in transcripts were obtained. We selected
transgenic lines OE-6, OE-7, OE-11, RI-10, RI-13 and RI-16 for fur-
ther function test of SbRFP1.
The tubers of selected transgenic lines were stored at 4 C for
30 day to investigate the association between SbRFP1 transcription
and RS accumulation. Taken the transcripts of SbRFP1 in wild type
(WT) tubers before the storage (0 day) as 1, the gene expression
was dramatically stimulated by low temperature (Fig. 3A and B).
Comparison between WT and transgenic tubers stored at 4 C for
30 day, the over-expression transformation enhanced SbRFP1
expression in between 71-fold (OE-11) and 108-fold (OE-6)
(Fig. 3A), while RNA interference repressed the gene expression
in between 59% (RI-16) and 95% (RI-10) (Fig. 3B). This was in accor-
dance with the reducing sugar (RS) content measured from the
same tubers. The results showed that, before exposed to low tem-
perature, all the OE-transgenic tubers exhibited a reduction in RSs. S. berthaultii, AC030-06 and AC142-01 are CIS-resistant; AC035-01, AC041-03, E-
io of (SbRFP1  100)/ef1a (elongation factor 1a).
Fig. 3. Transcripts of SbRFP1, reducing sugar (RS) content and chip color of the transgenic tubers. (A and B) Expression of SbRFP1 gene in transgenic tubers stored at 4 C for 0
and 30 d in terms of the fold change calculated by taking the gene expression of E-Potato 3 and AC142-01 at 0 day as 1 for OE- and RI-transgenic lines, respectively. (C and D)
RS content and chip color of OE- (C) and RI-transgenic; (D) tubers stored at 4 C for 30 day. Columns represent mean values ±SD (n = 3) (⁄P < 0.05; ⁄⁄P < 0.01).
Fig. 4. Expression of the genes encoding key enzymes involved in carbohydrate metabolism in transgenic tubers stored at 4 C for 30 day. Include: a-amylase (Amy23,
GenBank: M79328), b-amylase (BAM1, PGSC0003DMT400003933; BAM9, PGSC0003DMT400027659), acid invertase (StvacINV1, GenBank: AY341425), small subunit of ADP-
glucose pyrophosphorylase (sAGP, GenBank: AY186620), starch phosphorylase (SP, GenBank: X52385), sucrose-phosphate-synthase (SPS, GenBank: X73477), sucrose
synthase (SuSy, GenBank: AY205084), UDP-glucose pyrophosphorylase (UGPase, GenBank: D00667). Columns represent mean values ±SD (n = 3) (⁄P < 0.05; ⁄⁄P < 0.01).
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showed an increase in RS content with exception of RI-13 which
had a similar RS level to the untransformed control (Fig. 3D).
However, storage for 30 day at 4 C very signiﬁcantly lowered RSaccumulation in the OE-transgenic tubers (Fig. 3C) and raised RS
level in the RI-transgenic tubers (Fig. 3D). As a consequence, a
lighter chip color of OE-transgenic tubers and a darker chip color
of RI-transgenic tubers were observed and their representatives
Fig. 5. Activity of amylases, invertase and the starch degradation in transgenic tubers stored at 4 C for 30 day. (A) Activity of a-amylase. (B) Activity of b-amylase. (C) Activity
of invertase. (D) Starch degradation rate of transgenic tubers stored for 30 day at 4 C, which is calculated by a formula of (ab)/a  100% (a and b represent the starch content
prior and after the storage, respectively). Columns represent mean values ±SD (n = 3) (⁄P < 0.05; ⁄⁄P < 0.01). (E) Relationship between RS content and b-amylase activity in
transgenic tubers stored at 4 C for 30 day. (F) Relationship between invertase activity and hexoses (glucose + fructose): suc ratio in transgenic tubers stored at 4 C for 30 day.
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strated that the SbRFP1 gene is involved in regulation of potato CIS.
3.4. Association of SbRFP1 to the genes encoding carbohydrate
metabolic enzymes
The regulatory mechanism of SbRFP1 in potato CIS was further
investigated by analyzing expression of the genes encoding main
enzymes involved in carbohydrate metabolic pathways in cold
stored transgenic tubers. The results showed that expression of
the SbRFP1 gene impacted to some extent on the expression of a-
amylase gene Amy23, b-amylase gene BAM1 and acid invertase
gene StvacINV1 (Fig. 4A–C), whereas there was no clear-cut inﬂu-
ence on the others detected, such as the b-amylase gene BAM9,
small subunit of ADP-glucose pyrophosphorylase gene sAGP, starch
phosphorylase gene SP, sucrose-phosphate-synthase gene SPS, su-
crose synthase gene SuSy and UDP-glucose pyrophosphorylase
gene UGPase (Fig. 4D–I), implying that the SbRFP1 gene may be
mainly associated with starch degradation and sucrose cleavage.
Although, in general, over-expression of the SbRFP1 gene sup-
pressed the expression of both Amy23 and BAM1 genes and vice
versa for the RNA interference, further analysis speciﬁed a less con-
sistent effects of SbRFP1 on Amy23 in comparison with that on
BAM1 (Fig. 4A and B). It suggested that the SbRFP1 gene may be
mainly involved in the pathway of b-amylase. It was further rein-
forced by analyzing the activity of these two types of amylase in
SbRFP1 transgenic tubers. The a-amylase activity was not in accor-
dance with the change in expression of SbRFP1 (Fig. 5A), whereas
the b-amylase activity was very signiﬁcantly inhibited (by 61–
82%) in the OE-transgenic tubers and elevated (by 2.0- to 3.9-folds)in the RI-transgenic tubers (Fig. 5B). Consequently, the starch deg-
radation showed similar pattern to b-amylase activity which de-
creased in the OE-transgenic tubers and increased in the RI-
transgenic tubers (Fig. 5D). Plotting the data of Fig. 5B against that
of Fig. 3C and D yielded a positive linear relationship between b-
amylase activity and RS content (Fig. 5E). These results revealed
that b-amylase may act as a causal factor for RS accumulation in
cold-stored tubers.
It is noticeable that RNAi silencing of SbRFP1 resulted in a strong
activation of the StvacINV1 gene but little effects were observed
when over-expressing SbRFP1 (Fig. 4C). However, the invertase
activity was signiﬁcantly inhibited by 36–57% in the OE-transgenic
tubers while increased by 34–100% in the RI-transgenic tubers
(Fig. 5C). A positive linear relationship was established between
invertase activity and hexoses: sucrose ratio (Fig. 5F), demonstrate
that SbRFP1 may have signiﬁcant roles in conversion of sucrose to
hexoses through regulating invertase activity.
4. Discussion
The cold-induced sweetening of potato tubers is a bottle-neck
for improving post-harvest quality of potatoes. There are not many
differences that have been reported in enzyme-encoding genes be-
tween CIS-resistant and CIS-sensitive potatoes, which imply that
the post-translational modulation of certain enzymes may be crit-
ical for diverse resistance levels of potato varieties to CIS. A good
example is the ﬁnding of an invertase inhibitor which interacts
with acid invertase at post-translational level to affect reducing su-
gar content of potato cold stored tubers [10,21]. In present re-
search, we cloned a novel C3HC4-type RING ﬁnger gene SbRFP1
754 H. Zhang et al. / FEBS Letters 587 (2013) 749–755from S. berthaultii and exploited its function in potato CIS which is
possibly accomplished through regulating the activity of b-amylase
and acid invertase.
RING ﬁnger proteins constitute a large protein family in higher
plants. It is reported in Arabidopsis that among 1400 predicted E3
ubiquitin ligases, 469 contain 477 RING domains. A total of 488 po-
tential RING ﬁnger proteins were identiﬁed in rice [22] and 688
RING domains in 663 predicted proteins in apple [23]. The RING
ﬁnger proteins have been implicated in various biological pro-
cesses including cold response. For example, a RING ﬁnger protein
gene OsCOIN in rice had a huge transcripts increase after being ex-
posed to cold (4 C) for only 30 min and this high level of expres-
sion was maintained for at least 48 h [24]. In present research,
cold-storage strongly induced expression of SbRFP1 in potato tu-
bers (Fig. 2). The reducing sugar accumulation was reduced by
over-expression and elevated by repression of the SbRFP1 gene
(Fig. 3C and D). Our results strongly suggest that the SbRFP1 gene
may play important roles in potato CIS. This is the ﬁrst report to
demonstrate a potential involvement of C3HC4-type RING ﬁnger
protein gene in the process of potato cold-induced sweetening.
Based on the similarity with the genes encoding b-amylase in
Arabidopsis, there are seven putative b-amylase genes which were
identiﬁed in potatoes by searching the PGSC database. Among
them, BAM1 and BAM9were proved cold inducible in potato tubers
(data not published) and employed in present research. Interest-
ingly, only the expression of the BAM1 gene, rather than BAM9,
was signiﬁcantly affected by the transformation of the SbRFP1 gene
(Fig. 4B and D), suggesting that BAM1 could be a member of b-amy-
lase gene family associated with potato CIS. Different b-amylase
members may be expressed in different cellular compartments
and play distinct roles. Antisense plants of a chloroplast-targeted
b-amylase gene, PCT-BMY1, showed a starch-excess phenotype in
leaves but not in cold storage tubers [25]. This gene has high se-
quence similarity to BAM3which was characterized not responsive
to cold stimulation in potato tubers in present research (data not
shown). A positive correlation between transcripts abundance of
BAM1 (Fig. 4B) and enzyme activity of the b-amylase (Fig. 5B)
and a linear relationship between b-amylase activity and reducing
sugar content in SbRFP1 transgenic tubers (Fig. 5E) were estab-
lished. These results demonstrate that BAM1 is critical for potato
CIS in starch hydrolysis pathway, under which the interaction with
SbRFP1 could be essential.
Different from the known DNA-binding zinc ﬁnger domains
[20,26], RING ﬁnger domains function as protein–protein interac-
tion sites and several RING ﬁnger proteins were reported to play
important roles as ubiquitin ligase E3 through post-translational
regulation of special classes of the target proteins [27,28]. Since
BAM1 was strongly enhanced by silencing SbRFP1 and repressed
by over-expressing SbRFP1 at transcriptional level (Fig. 4B), we
speculate that SbRFP1 in potato CIS may function as an ubiquitin li-
gase E3 leading to degradation of the regulators of BAM1 which is
worth further investigating.
It is noticeable that silencing of SbRFP1 activated the expression
of StvacINV1 in CIS-resistant AC142-01 but showed no impact
when over-expressing SbRFP1 in CIS-sensitive E-Potato 3
(Fig. 4C). However, the invertase activity was inhibited in the OE-
transgenic tubers and raised in the RI-transgenic tubers after they
were stored at 4 C for 30 day (Fig. 5C). A possible explanation
could be different potato genotypes used for the transformation
in present research that may reﬂect a genotype-dependent regula-
tory mechanism of SbRFP1 in modulating the function of invertase
in potato CIS.
The present research identiﬁed a novel potato C3HC4-type RING
ﬁnger gene, SbRFP1, that plays critical role in the process of potato
CIS. The results reveal that SbRFP1 may function as a negative
regulator of BAM1 and StvacINV1 to inhibit starch and sucrosedegradation and hence the decrease in reducing sugars accumu-
lated in cold-stored potato tubers, providing an avenue for
improvement of potato CIS.
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